fabrication and characterization of iaterallnP IInGaAsP heterojunctions and bipolar transistors H-J. YOO,a) J. R. Hayes, C. Caneau, R. Bhat, and M. Koza Rellcore, Red Rank, (Received 13 February 1989; accepted for publication 29 March 1989) We have investigated the fabrication of lateral laP /InGaAsP heterojunctions using both wet chemical and in situ melt -back etching and regrowth to form the device junctions. The current/voltage characteristics of the melt-back-dched and regrown heterojunctions exhibit ideality factors as low as 1.25. In addition, we have fabricated lateral heterajunction bipolar transistors with 2 pm base widths which exhibit a current gain of 6. These results indicate that regrown heterojunctions have adequate injection efficiency to form the active region of devices.
InP /InGaAs-based heterojunction bipolar transistors (HBTs) are attractive devices for both optoelectronic and high-speed digital circuit applications. 1,2 In addition to their compatibility with long-wavelength optical components, the intrinsic transport properties of the materials comprising the transistor are superior to those of both GaAs and Si.·\ However, one problem encountered with conventional HBTs is their mesa structure, which makes fabrication oflow parasitic devices complex and surface planarization difficult to achieve. In particular, it is difficult to obtain a low extrinsic base resistance and a low collector capacitance using a vertical mesa approach. Minimization of both of these parameters is critical to the performance of high-speed circuits. In order to circumvent these problems, we have investigated an alternative technology for the fabrication of HBTs, in which we have introduced the idea of a lateral HBT formed using regrown base/emitter and base/collector junctions. 4 In this letter we report on the electrical characteristics of InP / InGaAsP (InGaAsP energy band-gap wavelength Ag = 1.3 ,urn) lateral (sidewall) heterojunctions prepared by two techniques: wet chemical etching and in situ melt-back etching prior to liquid phase epitaxy (LPE) regrowth. We show that the melt-back-etched junction exhibits ideality factors comparable to those obtained with conventional junctions. An alternate fabrication technique for producing a lateral HBT, making use of impurity-induced disordering of a superlattice structure, has recently been reported,5 However, this approach requires a large impurity density to disorder the superiattice, which leads to high doping and the potential for impurity diffusion that would make it difficult to optimize HilT performance. In contrast, the approach described here, involving etching the base layer and regrowing the emitter and collector, is compatible with technologies used in semiconductor laser fabrication and we believe it represents a more flexible approach to the design of lateral HBTs.
A schematic diagram outlining the fabrication process ofthe lateral HBT is shown in Fig. 1 , First, a O.75-!ltn-thick, p=5XlO
17 cm-\ InGaAsP (Ag = 1.3 pm) layer was grown by organometallic chemical vapor deposition on a (100) oriented semi-insulating lnP substrate. This layer will ultimately serve as the base layer of the transistor. Device ,,) On leave from KAIST, Seoul. Koreao isolation was achieved by wet chemically etching a region to define the contact area of the base and to roughly define the active base region. The wafer was then covered with 200 nm of SiO z and two areas, adjacent to the base layer, were opened to serve as both the etch mask for the intrinsic base mesa and the windows for the regrowth of the emitter and collector regions. After etching the sidewalls of the base mesa, by either wet chemical or in situ melt-back as discussed below, n-InP was selectively grown in the opened areas using LPE. The lateral HBTs fabricated by either technique had a base width of about 2,um. Ohmic contacts were made to the n-type InP and p-type InGaAsP regions by alloying Au-SI1 and Au-Be, respectively, A more detailed description of the fabrication process can be found in Ref. 4 . A scanning electron micrograph of a lateral lIBT, fabricated using melt-back etching and regrowth, is shown in Fig. 2 .
Two techniques were investigated to etch the active region of the base mesa. The first made use of wet chemical etching using 3H 2 S04: 1H2 O 2 : 1H z 0, an etchant that selectively etches InGaAsp 6 rdative to InP. The second technique made use of melt-back etching inside the LPE reactor by placing the wafer in contact with an undersaturated Ga-In-As-P melt just prior to regrowth of the emitter and collector areas. It has been shown previously that melt-back etching of selected crystallographic planes can give optically fiat surfaces.
7 However, little or no information is available concerning the dcctric[tt properties of such an interface. The mdt-back etching was achieved by contacting the substrate with an undersaturated In-Ga-As-P melt. Its composition was calculated using the formulas given by Kuphaf: supersaturated by 5 ac, this melt would have yielded an InGaAsP layer 13Jtice matched to InP with }'K c-= 1.3 ttm, i.e., of a composition similar to that of the base layer. A calibration nm of the melt-back etch, using the same conditions as for the fabrication of the lateral HBT, yielded an etch depth of 200 nm after lOs for an undersaturation of ~ 5 °C with 110 undercut of the Si0 2 mask observed, The current/voltage characteristics of representative regrown hcterojunctions prepared by the two etching techniques arc shown in Fig. 3 . The ideality factor of the mehhack-etched and regrown hctc[ojunction is found to typically he 1.36 while that of the wet chemically etched prepared junctions is typically 1.6. Some devices, prepared by meltback etching, showed an ideality factor as low as 1.25, Indeed, although it is well known that perimeter recombination is much less in the InP /InGaAsP alloy system than, for example, in the GaAs/ AIGaAs alloy system, the size of our active device area is only 0.75 11m X 8 pm, resulting in a perimeter to area ratio that is large enough so that perimeter recombination can have a considerable effect.'> With no cf- fort made to passivate the exposed junction we helieve our measured ideality factor represents an upper limit.
As expected from the current/voltage characteristics of the in situ melt-hack-etched and regrown junction relative to the wet-etched case, the lateral HBTs prepared in this way showed higher current gain. Common-emitter characteristics (Ie vs Vee) of a lateral HET having an emitter area of 0.75 pm X 8 /1m and a base width of2 pm are shown in Fig. 4 . The transistor exhibits a maximum current gain of 6 at low current levels. While this is considerahly below what is obtained for very narrow hase width vertical transistors, this value compares favorably with results obtained for transistors prepared by wet chemical etching and regrowth, 3 which typically exhibit current gains of 2. The de current gain of the lateral HilTs is found to decrease slightly with increasing collector current density as a result of the high emitter resistance in this particular structure.
It should be noted that the minority-carrier diffusion length corresponding to a gain of 6 and a base width 01'2/1111, is 3.5 l.tm and this value compares well with what is obtained with bulk InGaAsP. In general, thi'; base transport factor is limited by the electron lifetime in the base, Since in ollr prototype device a large area of the intrinsic base is exposed to the surface, we would expect substantial increases in the carrier lifetime by appropriately passivating the base region. In addition, significantly higher currents can be expected for devices with suhmicron base widths. While high current gains are important in some limited applications, gains in the range of 50-100 are more typical of what is required and obtained in high-frequency vertical mesa transistors. Prior to this work, it had been widely believed that junctions prepared by etching and regrowth were not comparable in injection efficiency to conventional epitaxialjuI1ctions, i.e., had an ideality factor of the order of2. In this work, we electrically characterized regrown lateral InP IInGaAsI} heterojunctions prepared by wet chemical and in situ meltback etching to establish that useful injection efficiencies, limited by surface recombination of the exposed junction areas, can be obtained. In situ melt-back etching was found to yield regrown jUllctions exhibiting typical ideality factors of 1.35, comparable to the value obtained for conventionally grown junctions with a similar perimeter-to-area ratio. A lateral RBT fabricated using this technique exhibited a current gain of 6. We believe that alternate realization of the device presently under investigation, in which the base is
